The separation of enantiomers is a subject of great interest, because the biologically effective chiral drug is either of enantiomers and the antipode is regarded as the impurity showing sometime high toxicity. Recently, the HPLC with chiral stationary phases (CSPs) has been extensively used to achieve the direct enantiomer separation. Crown ether, first introduced by Pedersen in 1967, 1,2) was shown by Cram et al. 3, 4) to resolve enantiomers by the host-guest complexation. Since then, the optically active crown ether derivatives have been widely used for the optical syntheses, resolutions and analyses of chiral amino compounds. A novel CSP derived from crown ether, which was prepared by immobilizing (ϩ)-18-crown-6 tetracarboxylic acid ((ϩ)-18C6H 4 ) on 3-aminopropylsilanized silica-gel, was reported by Machida et al. 5) to show the effective enantiomer separation of amino compounds, and has been widely used as a chiral selector for the primary amines in capillary electrophoresis (CE) 6-9) and HPLC. [10] [11] [12] As for the enantiomer separation of D/L-amino acids by HPLC with (ϩ)-18C6H 4 immobilized CSP, it has been generally accepted that L-isomers are commonly eluted prior to D-amino acids, indicating that D-amino acids form more stable interactions with (ϩ)-18C6H 4 than L-amino acids. Because no systematic investigation was performed on the discrimination mechanism of (ϩ)-18C6H 4 between D-and Lisomers, we recently analyzed the crystal structures of the complexes of (ϩ)-18C6H 4 with D-and L-isomers of tyrosine, isoleucine, methionine and phenylglycine, and clarified the common structural scaffold of (ϩ)-18C6H 4 for D/L-separation of these chiral amino acids.
Structural Scaffold of 18-Crown-6 Tetracarboxylic Acid for Optical Resolution of Chiral Amino Acid: X-Ray Crystal Analyses of Complexes of D-and L-Isomers of Serine and Glutamic Acid
X-Ray Crystal Analyses All crystals consist of 1 : 1 complex of (ϩ)-18C6H 4 with the chiral amino acid. It is characteristic that L1 complex includes one water molecule and one perchloric ion per asymmetric unit, whereas D1 includes six waters, and L2 and D2 include three water molecules per asymmetric unit.
As for the convex and asymmetric conformation of (ϩ)-18C6H 4 molecule, we previously reported 13) that it can be grouped into three types, "conformers I, II and III", according to the orientation around the C(10)
bond sequence of crown ether ring (see Fig. 1 ). According to this conformational classification, the present (ϩ)-18C6H 4 molecule belongs to conformer I in L1 and D1 (Fig. 2a) and conformer III in D2 and L2 (Fig. 2b) . It may say that their conformers are energetically stable and are dependent on the interaction with guest molecule, because the same conformers have also been observed in the complexes with other amine compounds. 13, 16) All of amino acids took a cationic form, where a-amino and a-carboxyl groups were protonated and not deprotonated, respectively, and the hydroxyl and g-carboxyl groups of chiral Ser and Glu side chains were not deprotonated despite of their different chiralities. The molecular conformations of L-and D-Ser are in the usually observed range. [17] [18] [19] Some conformational features are; and carboxyl groups) with (ϩ)-18C6H 4 are very similar to each other despite their different chiralities, and such similarities were also observed in the Tyr, Ile, Met, and phenylglycine. 13) The amino groups of Ser and Glu were located near at the center of the hemisphere of radiusϭca. 6.0 Å, which were created with eight oxygen atoms of crown ether ring and carboxyl group of (ϩ)-18C6H 4 , and formed the N-H···O hydrogen bonds and/or N···O electrostatic interactions with seven to eight oxygen atoms ( Table 2) . The Ca-H groups of all amino acids, on the other hand, participated in the electrostatic interactions with the O atoms of (ϩ)-18C6H 4 (Table  3) . Thus, these N-H···O and Ca-H···O interaction patterns of Ser or Glu with (ϩ)-18C6H 4 , which are very similar between the L-and D-enantiomers, form the major stabilizing framework of the host-guest interaction. In contrast, the a-carboxyl groups of Ser and Glu did not participate in any interaction with the polar atoms of partner's (ϩ)-18C6H 4 , suggesting that the a-carboxyl group of amino acid does not play important role in the chiral recognition of D/L-amino acid by (ϩ)-18C6H 4 .
On the other hand, a notable difference was observed between L-Ser and the other chiral amino acids concerning the interaction of amino acid side chain with (ϩ)-18C6H 4 . The side chain OH group of L-Ser formed an hydrogen bond with the carboxyl oxygen atom of (ϩ)-18C6H 4 [O(37)···O (26) Hydrogen bonds of each amino acid with its surrounding molecules in L1, D1, L2 and D2 are summarized in Table 4 . The a-carboxyl and hydroxyl groups of L-Ser participated in the interactions with the polar atoms of neighboring (ϩ)-18C6H 4 , water and the perchloric ion in L1 (Fig. 4) , and this is in contrast with those of D-Ser, and L-and D-Glu, which formed the hydrogen bonds only with water molecules in their crystals. On the other hand, perspective views of respective crystal structures are shown in Fig. 5 . It is interesting to note that the crystal structures of L2 and D2 are very similar 454 Vol. 54, No. 4 in their unit cell dimensions and crystal packing patterns, and similar molecular arrangement, which is characterized by the spanning with the water layer, is also formed in D1, whereas a notable difference is observed in the molecular packing of L1. This different interaction pattern of L-Ser from the others would affect the reverse order of L-Ser for the elusion in the HPLC.
Structural Scaffold of (؉)-18C6H 4 for Chiral Separations of D/L-Ser and D/L-Glu
On the basis of crystal structure analyses of several (ϩ)-18C6H 4 -amino acid complexes reported so far, we proposed a possible chiral separation mechanism 13) for the first elution rule of L-amino acid in HPLC using (ϩ)-18C6H 4 column, that is, (ϩ)-18C6H 4 molecule forms a bowl-shaped figure with two concave and one convex rim, and the location of amino acid on this asymmetric figure leads to the different binding mode between L-and D-enantiomers, especially for the interaction pattern of the N-H and Ca-H groups with respect to (ϩ)-18C6H 4 , in which the binding energy is advantageous for D-enantiomer rather than L-enantiomer. The schematic binding patterns of (Fig. 6a) . On the other hand, the a-carboxyl groups of L-and D-Glu are located on the small and big hollows of the bowl, respectively, whereas the Ca H atoms of both enantiomers are commonly directed to the convex wall of the back side of bowl (Fig. 6b) .
It would be reasonable to consider that the affinity environment of Glu with (ϩ)-18C6H 4 resin in HPLC is nearly the same between L-and D-enantiomers, as judged from the similar crystal packing and interaction modes of L2 and D2 (Table 4 and Fig. 5) , and the strength of the affinity is primarily dependent on the direct interaction with partner's (ϩ)-18C6H 4 . Therefore, the elution order of D-/L-Glu suggests that the location of the a-carboxyl group and side chain of DGlu on the big and small hollows of the bowl, respectively, is more suitable for the interaction with (ϩ)-18C6H 4 than the reversed location. This agrees with the proposed chiral separation mechanism, 13) although no notable preference was suggested between the theoretical total energies of L2 and D2 complexes (Table 5 ). On the other hand, the comparison between L1 and D2 and between D1 and L2 shows similar location of a-carboxyl group and side chain on the bowlshaped (ϩ)-18C6H 4 , although the location of Ca-H group is rather different from each other. Thus, it may say that the exception from the first elution rule of L-Ser is partly due to the opposite orientation of a-carboxyl group and side chain to that of the L-enantiomer, which obeys the elution rule. Furthermore, the present work clarified that, in addition to the different interaction pattern of L-Ser from the other amino acids in the complex crystals, the major factor determining the elution order of Ser is mostly due to the hydrogen bond formation between the side chain OH group and the carboxyl 456 Vol. 54, No. 4 Dotted lines represent hydrogen bonds or electrostatic interactions. The conformation of (ϩ)-18C6H 4 could be roughly depicted with a bowl-shaped figure with two concave and one convex rim.
